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a  b  s  t  r  a  c  t
Optical  imaging  using  voltage-sensitive  dyes  (VSDs)  is a promising  technique  for  the  simultaneous  activity
recording  of many  individual  neurons.  While  such  simultaneous  recordings  are  critical  for  the under-
standing  of  the  integral  functionality  of  neural  systems,  functional  interpretations  on  a  single  neuron  level
are difﬁcult  without  knowledge  of  the  connectivity  of  the  underlying  circuit.  Central  pattern  generating
circuits,  such  as  the  pyloric  and  gastric  mill  circuits  in  the  stomatogastric  ganglion  (STG)  of  crustaceans,
allow  such  investigations  due  to  their  well-known  connectivities  and  have  already  contributed  much  to
our  understanding  of  general  neuronal  mechanisms.
Here  we present  for the  ﬁrst time  simultaneous  optical  recordings  of  the  pattern  generating  neurons
in the  STG  of  two  crustacean  species  using  bulk  loading  of  the  VSD  di-4-ANEPPS.  We  demonstrate  the
recording  of  ﬁring  activities  and  synaptic  interactions  of  the  circuit  neurons  as  well  as  inter-circuit  inter-
actions  in  their  functional  context,  i.e.  without  artiﬁcial  stimulation.  Neurons  could  be  uniquely  identiﬁedultineuron recording using  simple  event-triggered  averaging.  We  tested  this  technique  in two  different  species  of  crustaceans
(lobsters  and  crabs),  since  several  crustacean  species  are  used  for  studying  motor  pattern  generation.  The
signal-to-noise  ratio  of  the  optical  signal  was  high  enough  in both  species  to  derive  phase-relationship
between  the  network  neurons,  as  well  as action  potentials  and  excitatory  and  inhibitory  postsynap-
tic  potentials.  We  argue  that  imaging  of  neural  networks  with  identiﬁable  neurons  with  well-known
connectivity,  like  in the  STG,  is crucial  for the  understanding  of  emergence  of  network  functionality.. Introduction
Neural systems deliver their functionality through the inter-
ction of neurons that compose them; however the interactions
f neurons in their physiological environment that leads to the
mergent functionality of the neural system are not very well
nderstood. This is often due to the technical difﬁculties imped-
ng the simultaneous recording of many interacting neurons using
onventional electrophysiology methods. Recently there has been
igniﬁcant progress in this respect through the use of multi-
lectrode arrays (MEA) (Meister et al., 1994; Segev et al., 2004;
arris et al., 2010) and the use of calcium (Dombeck et al., 2007;
ukamel et al., 2009; Yaksi et al., 2009; Rothschild et al., 2010) andoltage-sensitive dye (VSD) imaging (Salzberg et al., 1977; Zecevic
t al., 1989; Wu  et al., 1994; O’Malley et al., 1996; Obaid et al.,
999; Stosiek et al., 2003; Briggman et al., 2005; Frost et al., 2007).
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However, in most of these cases the underlying network architec-
ture of the simultaneously recorded neurons is not known, which
limits the impact of these results on the understanding of the emer-
gence of joint functionality of the involved neurons.
Previously (Stein et al., 2011) we  reported the use of a VSD to
simultaneously record the activities of multiple neurons in the crab
stomatogastric ganglion (STG) following the electrophoretic injec-
tion of such dyes into these neurons. The 25–30 neurons in this
ganglion build two interacting central pattern generators, which
serve as a generic model for pattern generation. Since the architec-
ture of the neuronal circuits in the STG is very well-known thanks
to over a half century of intensive study of this ganglion (Harris-
Warrick et al., 1992; Nusbaum and Beenhakker, 2002; Marder and
Bucher, 2007; Stein, 2009), the simultaneous recording of STG neu-
rons may provide deep insight into how neurons interact to deliver
the emergent functionality of the network that they compose. The
recording of the superthreshold spike activity of most (but not all)
Open access under CC BY-NC-ND license.network neurons is possible with extracellular recordings. How-
ever, since graded release at subthreshold membrane potential is
important for the functioning of the STG networks, such record-
ings can only give an estimate of the neuronal interactions. In
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ddition, the neurons from which functionally equivalent spikes
n these recordings originate may  not be uniquely identiﬁable (e.g.
n the crab STG there are two pyloric dilator (PD) neurons and four
yloric constrictor neurons (PY) the activities of which are carried
y shared nerves). Intracellular recordings from STG neurons using
icro-electrodes are usually limited to 4–6 neurons (with a few
xceptions; Heinzel and Selverston, 1988) due to space limitations
round the preparation. In contrast, optical imaging with VSDs has,
n principle, no space limitation and even allows detecting individ-
al synaptic events without the need of averaging across multiple
ecordings (Stein et al., 2011). Yet, while loading neurons individ-
ally with dye results in a good signal-to-noise ratio, it is very time
ntensive to do.
Here we report the successful imaging of subthreshold mem-
rane potential changes in multiple neurons after bath application
f VSDs. This alternative approach to load the dye into neurons is
uch less time consuming (<30 min) than the loading of individ-
al neurons by electrophoretic injection of the dye and allows the
imultaneous loading of all neurons of the STG. We  used event-
riggered averaging over several neural events of the same kind to
mprove the signal-to-noise ratio of the recording data. Our method
llows the simultaneous recording of all STG neurons – the limit in
ur case being imposed by the size of the ﬁeld of view of the record-
ng camera and the objective used. Lower power objectives offer
he possibility to record more neurons, but typically their numeri-
al aperture is smaller and they do not collect enough light (but see
ection 3.4.2).
In principle, the STG is an ideal system for simultaneous optical
maging of many neurons, because its neurons are arranged in a
at crescent or semi-circle shape in the posterior part of the gan-
lion (Fig. 1A). The STG is also an ideal system to study emergent
unctionality of neuronal interactions since its neurons deliver their
unction quasi-autonomously by forming central pattern genera-
ors that drive the rhythmic movement of muscles in the foregut
Harris-Warrick et al., 1992; Nusbaum and Beenhakker, 2002;
arder and Bucher, 2007). VSD imaging of the STG can extend the
cope of simultaneous recording of STG neurons beyond the range
ffered by the traditional methods and provide crucial informa-
ion for the investigation of emergent activity of neural systems
hat is based on interactions of individual neurons. Since central
attern generator circuits are generally involved in movement gen-
ration and control (Ramirez and Richter, 1996; Yuste et al., 2005;
rillner, 2006; Goulding, 2009) in many animals, understanding
heir emergent system level properties will have a major impact
n the understanding of other motor systems as well.
. Materials and methods
.1. Dissection
Adult crabs (Cancer pagurus L.) and lobsters (Homarus gam-
arus L.) were obtained from local sources (Newcastle University,
ove Marine Laboratories) and kept in ﬁltered, aerated seawater
10–12 ◦C). In total, 20 preparations were used. We  used isolated
ervous systems to perform our experiments. Crabs were dissected
ccording to Gutierrez and Grashow (2009),  lobsters according to
ierman and Tobin (2009) and Tobin and Bierman (2009).  The STNS
as pinned down in a silicone elastomer-lined (ELASTOSIL RT-601,
acker, Munich, Germany) Petri dish and continuously superfused
7–12 ml/min) with constant temperature saline (10–13 ◦C). Can-
er saline consisted of (mMol  l−1): NaCl, 440; MgCl2·6H2O, 26;
aCl2·2H2O, 13; KCl, 11; trisma base, 10; maleic acid, 5; Homarus
aline of: NaCl, 479.12; KCl, 12.74; CaCl2·2H2O, 13.67; MgSO4,
0; Na2SO4, 3.91; Hepes, 5. Both salines had a pH between 7.4
nd 7.6. All experiments were carried out in accordance with thece Methods 203 (2012) 78– 88 79
European Communities Council Directive of 24th November 1986
(86/609/EEC).
2.2. Intracellular and extracellular recording
We  used standard methods to perform electrophysiology as
previously described in this system (Hedrich et al., 2009). To facil-
itate intracellular recordings and for penetration of the dye we
desheathed the STG. For intracellular recordings, glass electrodes
(TW120F-3, World Precision Instruments, Aston, Stevenage, UK;
15–25 M)  were ﬁlled with a solution containing 0.6 mol  l−1 K2SO4
and 0.02 mol  l−1 KCl. Signals were ampliﬁed using a IE-251A Ampli-
ﬁer (Warner Instruments Corporation, Hamden, CT) in bridge mode
and digitized using a Power 1401 (Cambridge Electronic Design,
Cambridge, UK). Files were recorded and saved using Spike2 ver.
6.14 (Cambridge Electronic Design, Cambridge, UK) at a sampling
rate of 10 kHz. Depending on the experiment, either the extra-
or the intracellular recording was additionally recorded with the
MiCAM02 imaging system (SciMedia Ltd., Tokyo, Japan) using the
analogue input at 13.3 kHz. For extracellular recordings, petroleum
jelly-based cylindrical compartments were built around sections of
several nerves to electrically isolate them from the bath. One of two
stainless steel electrode wires was  placed in each compartment,
the other one in the bath as a reference electrode. The differential
signal was recorded, ﬁltered and ampliﬁed with an AC differential
ampliﬁer (Univ. Kaiserslautern, Germany) or with an AM Systems
ampliﬁer (Model 1700, AM Systems, Sequim, WA). Activity patterns
and axonal projection pathways were used to identify STG neurons,
as described previously (e.g. Hedrich and Stein, 2008).
2.3. Preparation of the dye
We  used di-4-ANEPPS (Cambridge Bioscience, Cambridge, UK)
and bath-applied it to the isolated ganglion preparation. VSDs are
lipophilic molecules and bath-application led to a strong staining
of all membranes in the STG (see Fig. 1A). Di-4-ANEPPS was  kept as
a stock solution. For this 5 mg  di-4-ANEPPS were dissolved in 1 ml
Pluronic F-127 (20% solution in DMSO). Immediately before each
experiment, 10 l of stock solution was added to 500 l of saline.
2.4. Imaging of ﬂuorescence
For the ﬂuorescence imaging we  used a MiCAM02 imaging sys-
tem (SciMedia Ltd., Tokyo, Japan) using the HR (High Resolution)
camera (6.4 mm × 4.8 mm  actual sensor size) set at 96 × 64 pixel
spatial resolution, 3.7 ms  or 2.2 ms  temporal resolution and a 20×
objective (XLUMPLFL20XW/0.95, NA 0.95, WD 2.0 mm;  Olympus
Corporation, Tokyo, Japan) mounted on a standard upright ﬂuores-
cence microscope (BX51 WI,  Olympus Corporation, Tokyo, Japan)
or the same camera and objective but having the camera settings
at 48 × 32 pixel spatial, resolution and 1.5 ms  temporal resolution.
In some cases, a 10× (UMPLFL10XW, NA 0.30, WD  3.30 mm,  Olym-
pus Corporation, Tokyo) or a 40× objective (LUMPLFL40XW/IR2,
40XWI-IR, NA 0.8, WD 3.3 mm,  Olympus Corporation, Tokyo, Japan)
was  used to combine optical imaging and intracellular record-
ings. The total ﬁeld of view was  600 m × 400 m (10× objective),
300 m × 200 m (20× objective) or 150 m × 100 m (40×). Illu-
mination was provided by a 150 W ultra-low ripple halogen light
source (HL-151, Moritex Corporation, Tokyo, Japan) with com-
puter controlled shutter. We  used a wide green excitation ﬁlter
(480–550 nm,  MSWG2, Olympus Corporation, Tokyo, Japan). Light
levels were adjusted such that we  used the minimal necessary
light intensity to get good recordings in order to avoid as much
as possible the potential phototoxic damage to the STG neurons. In
particular we were careful to limit as much as possible the expo-
sure of the STG neuropile to excitation light, since this may  result in
80 C. Städele et al. / Journal of Neuroscience Methods 203 (2012) 78– 88
Fig. 1. Optical recording of multiple neurons in the stomatogastric ganglion. (A) After bath-application of di-4-ANEPPS, the boundaries of the neuronal somata in the STG
were  stained and showed ﬂuorescence. Photograph of the STG, taken with the 10× objective. The dye was excited with green light (480–550 nm) and emission was measured
>590  nm.  17 areas of interest were selected: 15 neuron somata (numbers 2–16), one region outside of the neuronal tissue (number 17) and one region which contained
several axons (number 1). The 17 areas were imaged later in three groups of areas of interest forming three parts of the full STG (see (C)). (B) Single-sweep simultaneous
optical recordings of 9 areas of interest plus corresponding pyloric motor activity on the extracellular lvn recording. The 9 areas of interest contain 8 neurons and one area
that  covers axons leaving the STG. The 20× objective was used. (C) Merged representation of the event-triggered average response of all 17 areas of interest (for areas see
(A)).  Recordings were obtained from successive optical recordings of three different parts of the same STG (each with a duration of 24.5 s). One recording for each part
was  taken and the objective was  moved to a new location after each recording. The beginning of the pyloric cycle (as revealed by the beginning of the PD burst) was used
for  triggering (n = 25 pyloric cycles were used in each optical recording). Three cycles per average are shown. All but one neuron (number 4) showed rhythmic activity
that  corresponded to the motor pattern. For reference, three cycles of pyloric motor activity are shown (not averaged, bottom panel in the middle) along with the activity
phases of the LP, PY and PD neurons (gray). (D) Identiﬁcation of the LP neuron. The extracellular spikes of the LP neuron on the lvn were used as trigger to create an average
of  the optical signal (see Section 3.2)  of neuron number 9 (top trace) and of the extracellular lvn recording (bottom trace). Three successive recordings of region number
9  (each with a duration of 24.5 s, containing a total of more than n = 800 LP action potentials) were used. The DC components of the optical signal were removed before
averaging. Top to bottom: An increasing number of trigger events was  used. The dashed line marks the trigger time. Most STG neurons ﬁre bursts of action potentials. Hence,
each  spike is neighbour to one or multiple other spikes. Action potentials in STG neurons occur in bursts and ride on top of slow membrane potential oscillations. Since
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 change of the activity pattern (Stein and Andras, 2010). To reduce
echanical noise, microscope and preparation stand were placed
n an anti-vibration table (63-500 Series, Technical Manufacturing
orporation Peabody, MA).
.5. Data analysis and visualization
For data analysis and visualization we used the BrainVision soft-
are (SciMedia Ltd., Tokyo, Japan) associated with the MiCAM02
maging system. Alternatively, we used a self-developed software
VSD-Analyser) to measure and export the optical signal. The VSD-
nalyser is freely available at www.STNS.net. Imaging data and
lectrical recordings were then combined in Spike2 ver. 6.12 (Cam-
ridge Electronic Design, Cambridge, UK) for further processing
triggering and averaging). Graphics and statistics were gener-
ted using Excel (Microsoft). Final ﬁgures were prepared with
orelDraw (version 12 for Windows, Corel Corporation, Ottawa,
N, Canada). We  calculated the spatial average of signals mea-
ured at pixels belonging to images of identiﬁable individual
eurons. The cycle period of the pyloric rhythm was deﬁned as the
uration between the onset of a PD neuron burst and the onset of
he subsequent PD burst. The signal-to-noise ratio was calculated
s the mean of the response divided by the standard deviation of
he noise. For some ﬁgures, we used event-triggered averaging to
mprove the signal-to-noise ratio of our data. For this purpose the
xtra- or intracellular recordings were used to determine the tim-
ng of neural events (e.g. the occurrence of an action potential or
he start time of the pyloric cycle). The signals were averaged over
ultiple time periods deﬁned by the considered neural events.
n some experiments, principal component analysis (applied to
patio-temporal data, i.e. signals corresponding to pixels belonging
o images of neurons over several consecutive time steps) was  used
o separate optical signal from noise (see Section 3.4 for details).
. Results
.1. Imaging following bulk dye loading of neurons in the STG
entral pattern generators
The central pattern generating circuits in the crustacean STG
onsist of 20–30 neurons (depending on species), which are all
dentiﬁable by the slow waveform of subthreshold membrane
otential changes and by their spike activities (Stein, 2009). Iden-
iﬁcation of these neurons is typically done using intracellular
ecordings with sharp microelectrodes in combination with sev-
ral extracellular recordings from the corresponding motor nerves,
hich means that neurons have to be impaled successively.
pproaches to optically record the activities of multiple STG neu-
ons have so far been limited to the use of calcium dyes (Graubard
nd Ross, 1985; Ross and Graubard, 1989) and individual neurons
lled with voltage-sensitive dyes (Stein et al., 2011). Calcium dyes
nly indirectly track membrane potential variations and are thus
ot suitable for cell identiﬁcation. In contrast, voltage-sensitive
yes are much quicker and allow the detection of single action
otentials and subthreshold potentials, even without averaging
Stein et al., 2011). Yet, cell-by-cell staining takes many hours and
eurons have to be impaled with microelectrodes, a procedure that
an damage neuronal cell membranes. Here, we  optically recorded
ultiple neurons simultaneously after bath-application of the VSD
i-4-ANEPPS to the STG.
ig. 1. interspike-intervals vary within bursts, the surrounding spikes are not time-locke
he  optical signal corresponded to the spike that was  used as a trigger on the extracellula
oma  and nerve recording. Similar to the electrical recording, the maximum peak of the op
P  spikes. A time period (p) of 0.01 s was used for removing the DC components.ce Methods 203 (2012) 78– 88 81
To bath-apply di-4-ANEPPS, we built a petroleum-jelly cham-
ber around the STG which held between 250 and 500 l of saline.
Saline was  exchanged with the dye solution (see Section 2.3) using
a syringe and left for 30 min, after which continuous superfu-
sion of fresh saline was started to wash off the excess dye. Care
was  taken that the preparation did not heat up above 16 ◦C dur-
ing the dyeing procedure. The activity of the STG circuits was
monitored at all times using an extracellular recording of the main
motor nerve lvn (lateral ventricular nerve). As previously reported
(Stein and Andras, 2010), we did not observe any obvious toxic
effects during the dye loading procedure (N = 20 preparations): The
motor neurons kept their regular ﬁring activity, their duty cycle and
phase relationship. After dyeing the preparation was left to rest for
another 30 min before optical recording started.
We then successively recorded the ﬂuorescent changes of sev-
eral sections of the STG (each section corresponding to the ﬁeld of
view of the camera in a certain position of the preparation) using a
20× objective (see Section 2.4), each of which typically contained
between 5 and 8 neuronal somata. The maximum number analysed
with the 20× objective was  10 (see also Section 3.4). In each record-
ing we collected 16,384 frames. The change of the ﬂuorescent signal
over time of all visible neurons was then analyzed by deﬁning the
surround of each soma in the BVAna software or the VSD-Analyzer
and averaging the optical signal of all pixels contained within sep-
arately for each time frame. The change in ﬂuorescent signal was
then represented as percent change.
Fig. 1A shows an overview photograph of an STG taken with
the 10× objective. Seventeen areas of interest are marked: 15 neu-
ronal somata (number 2–16) and two areas outside of neuronal
somata (number 1 and 17). These areas were optically recorded
later in three successive trials with the 20× objective (since the
higher magniﬁcation prevented the simultaneous recording of all
areas). Fig. 1B shows the simultaneous recording of 8 somata (sec-
tion 2–9) and one section (number 1), which represents the optical
signal of several motor axons that leave the STG. In most areas that
corresponded to neuronal somata, the changes in ﬂuorescence over
time were related to the motor activity, indicating that they may
represent the (well-known) slow membrane potential oscillations
of these neurons.
Although ﬂuorescence changes were visible even in single
sweep recordings (i.e. without temporal averaging), their relation
to the motor activity was  much clearer when we used the aver-
aged signal. For this, we used the simultaneously extracellularly
recorded activity of the PD neurons on the lvn, which are part of the
pyloric pacemaker ensemble that drives the rhythm. Their rhyth-
mic  activity can be used to determine the beginning and end of a
pyloric cycle, which allowed us to average across several pyloric
cycles (Fig. 1C; merged representation of the optical recordings
obtained from three separate parts of the same STG). Each time
point was  time averaged for the time period lasting for three con-
secutive pyloric cycles. Before averaging, the DC components of
the optical recordings were removed with a built-in function of
Spike 2 (“DC remove”), which uses only a single variable: the time
period p. The optical signal at a given time t is calculated as the sig-
nal input at time t minus the average value of the signal between
time t − p to t + p. Here, p was  2 s, which removed slow drifts in
the ﬂuorescence signal, but kept the oscillations in the membrane
potential.
In the two control sections that where placed outside of the neu-
ronal somata (number 1 and 17) no clear change in the optical signal
d to the spike triggered on and are thus diminished in amplitude. The main peak in
r recording (arrow) and preceded it by 6 ms  due to the conduction latency between
tical recording was  surrounded by smaller peaks that were due to the circumjacent
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ould be detected that corresponded to the motor pattern recorded.
ur analysis demonstrates, however, that all but one (number 4)
elected neurons showed changes in ﬂuorescence that correlated
ith the phasing of the motor neurons on the lvn.  For example,
euron number 13 showed a clear increase in activity when the
extracellularly recorded) PD neurons were active, while neuron
umber 9 was active in time with the LP neuron. In fact, using
pike-triggered averaging (a method typically used for identify-
ng neurons in this system during intracellular recordings; Bucher
t al., 2003), these neurons were subsequently identiﬁed as PD and
P neurons, respectively. An example for the LP neuron is shown in
ig. 1D, which illustrates that the peaks in the optical signal were
ime-locked to the extracellularly recorded action potentials of LP.
ere, we triggered on the extracellular spike of LP to create an
verage. Since action potentials in STG neurons ride on top of slow
embrane potential depolarizations, we removed the DC compo-
ents of the optical signal (with p = 0.01 s) prior to averaging. The
aximum peak of the optical recording is surrounded by smaller
eaks which represent circumjacent LP spikes that occur within
ursts. In contrast to the detection of the slow membrane poten-
ial oscillations, extensive averaging was necessary to achieve an
ppropriate signal-to-noise ratio (see also Section 4).
.2. Simultaneous intracellular and optical recordings
To test whether the observed changes in ﬂuorescence were
ndeed caused by changes in the neuronal membrane potential, we
ntracellularly recorded from a PD neuron using sharp microelec-
rodes while we imaged the ﬂuorescence. For this, we switched to
he 40× objective (see Section 2.4), since the working distance of
he 20× objective very much constrains the electrode placement
or sharp microelectrode recording. The 40× objective possesses a
umerical aperture of 0.8 and collects signiﬁcantly less light than
he 20× objective with a NA of 0.95, reducing the signal-to-noise
atio of the optical recording. Nevertheless, using spike-triggered
veraging, we found a clear match between intracellular and opti-
al signal. Fig. 2A shows the comparison between action potentials
ecorded optically (top), intracellularly (middle) and extracellularly
bottom) and clearly demonstrate that the peak in the optical sig-
al corresponded to the action potential in PD. In this case, each
ntracellularly recorded action potential was used for triggering the
verage. In the optical signal, the DC components were removed
ith p = 0.01 s, which removed the slow membrane potential oscil-
ations from the average. In contrast, Fig. 2B shows an average of the
ptical signal that was triggered by the ﬁrst intracellularly recorded
ction potential in each pyloric cycle. Here, the DC components
ere not removed and the optical signal contained all slow com-
onents. As a result, we were able to follow the slow changes in the
uorescence along with fast action potentials, which both revealed
 very good match with the intracellularly recorded changes of
he membrane potential. In fact, we found a signiﬁcant correlation
etween the changes in the membrane potential and the optical sig-
al (Fig. 2C; P < 0.001; R2 = 0.97). For this correlation, each optical
rame (frame duration 1.5 ms)  was compared to the average of the
lectrical signal during that frame (sampling rate 13.3 kHz). Also,
he frequency content of the slow wave optical signal corresponded
o that of the intracellular recording (Fig. 2D, normalized to maxi-
um  count) and reﬂected the cycle period of the rhythm. Taken
ogether, these results demonstrate that the observed changes
n ﬂuorescence were caused by membrane potential changes
n the imaged neurons. The optical signal contained both, fast
omponents (action potentials) and slow oscillations that corre-
ponded to the cycle period of the pyloric rhythm.
In addition to measuring rather large membrane potential oscil-
ations and action potentials, the signal-to-noise ratio of the optical
ignal was sufﬁciently high to allow the detection of subthresholdce Methods 203 (2012) 78– 88
inhibitory synaptic potentials. In the example shown in Fig. 2E,
both optical and intracellular PD signals were triggered on the
spike of the lateral pyloric neuron LP on the extracellular recording.
PD is part of the pacemaker kernel and its oscillations are gener-
ated by endogenous properties (Nusbaum and Beenhakker, 2002;
Stein, 2009). The only feedback synapse from the pyloric network
to the pacemaker kernel is coming from LP. In fact, the optical sig-
nal closely mirrored the waveform of the PD membrane potential
typically obtained during intracellular recordings when LP is active
(Fig. 2E) and individual LP-IPSPs could be seen in the optical record-
ing. The averaging also shows the timing of previous, but time
locked IPSPs caused by LP neuron activity – the multiple IPSP peaks
represent the effect of the summing of temporally close LP spikes.
These data thus demonstrate that even single synaptic events can
reliably be detected with optical recordings after bath application
of the dye.
3.3. Measuring inter-circuit interactions and subthreshold
synaptic potentials
One of the advantages of studying identiﬁed pattern generat-
ing circuits is that besides the mechanisms of pattern generation,
inter-circuit interactions can also be characterized. In the stom-
atogastric ganglion, pyloric activity coordinates the timing of the
much slower gastric mill rhythm via inhibitory input to one of
the gastric mill CPG neurons, Interneuron 1 (Bartos et al., 1999).
Interneuron 1 and the lateral gastric neuron LG mutually inhibit
each other and together build the half-center that drives the gas-
tric mill motor pattern (Stein et al., 2007). Descending modulatory
projection neurons, such as the modulatory commissural neuron
1 (MCN1), excite the half-center and start the gastric mill rhythm
(Stein et al., 2007). The timing inﬂuence of the pyloric pacemakers
on the gastric mill rhythm can be seen as pyloric-timed disin-
hibitions (depolarizations) in LG that increase in amplitude due
to an increase of transmitter release from MCN1 (Marder et al.,
1998; Bartos et al., 1999). These, of course, cannot be monitored
with extracellular recordings. Likewise, optical imaging is often
restricted to registering action potentials (Hill et al., 2010). Here,
we demonstrate that the signal-to-noise ratio in our recordings
was  high enough to allow monitoring the subthreshold inﬂuences
of both Interneuron 1 and MCN1 on LG (Fig. 3A) and gastro-pyloric
circuit interactions. In these experiments, we again used the 20×
objective. A single sweep is shown, i.e. no triggered averaging was
used. The ﬂuorescence changes observed closely match the intra-
cellular membrane potential changes observed in LG when a gastric
mill rhythm is active (Fig. 3D; recorded in a control preparation
without imaging). The subthreshold depolarizations (deriving from
both, MCN1 transmitter release and disinhibition from Interneu-
ron 1) were phase-locked to the pyloric cycle period (Fig. 3B). Their
maximum peak occurred at the beginning of the LP burst, as did
those measured with intracellular recordings (Fig. 3E). When we
triggered on the LG spike on the extracellular lvn recording (Figs. 3C
and F), we found a clear match to both, optical signal and intracellu-
lar membrane potential, respectively, which proved that we were
indeed recording the LG neuron.
In summary, VSD imaging is sufﬁcient to characterize interac-
tions between different pattern generating circuits and, in addition,
the synaptic actions of a descending modulatory projection neuron
and of mutually inhibitory neurons can be monitored. VSD imaging
may  thus well be suited to complement and enhance intracellu-
lar electrophysiology. In fact, we  found that the dye showed no
signiﬁcant bleaching even after several hours of imaging and that
the voltage signal could still be monitored (our longest imaging
session was  between 7 and 8 h). The dye showed ﬂuorescence up
to several days after staining and although we  did not test this
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Fig. 2. Fluorescence changes report the neuronal membrane potential. (A) Simultaneous extracellular (bottom), intracellular (middle) and optical recording (top, DC compo-
nents  removed) of a PD neuron. PD was identiﬁed using the intracellular recording according to its previously published properties. Here, the PD spikes on the intracellular
recording were used to create a spike-triggered average of all recorded signals. Optical and intracellular signal showed a very good match. The DC components of the optical
recording were removed with p = 0.01 s. (B) Same recordings as in (A), but here the beginning of the pyloric cycle (as measure by the ﬁrst action potential of the PD burst) was
used  as a trigger for the average. The DC components were not removed. Three averaged cycles are shown. Since the cycle in the middle contained the trigger signal, spikes are
well  aligned and visible in the average. In the surrounding cycles, spikes are not fully time-locked and thus disappear in the averaged signal. (C) There was a good correlation
between the averaged optical and intracellular signals (linear regression). Both signals were normalized to a range between 0 and 1 before the correlation. (D) Power spectra
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cf  optical and intracellular signal showing the frequency content between 1 and 3 H
f  extracellular lvn recording, intracellular PD recording and optical signal demonst
horoughly, the optical signal could be monitored without obvious
eterioration up to 48 h after dye application.
.4. The impact of imaging settings on the signal-to-noise ratio
One of the major difﬁculties in optical imaging is to ﬁnd the
ppropriate settings for light level, recording frame rate, objective
agniﬁcation and numerical aperture in order to achieve a good
ignal-to-noise ratio. These settings depend on the preparation of
hoice and the dye used.ch reﬂects the cycle frequency of the pyloric rhythm. (E) LP spike-triggered average
 the detection of inhibitory postsynaptic potentials from LP (arrows).
3.4.1. Frame rate
We found that the signal-to-noise ratio depended on the frame
rate chosen for sampling. DI-4-ANEPPS is a very fast dye and
responds within a few s (Cohen, 2010). The number of photons
detected by the camera, however, depends on the frame rate of the
camera. Faster frame rates will collect fewer photons, but can detect
fast neuronal events. Slower frame rates collect more light, but may
under-sample fast neuronal events. When we  measured the signal-
to-noise ratio for different frame rates (1.5 ms/frame = 666 Hz,
2.2 ms/frame = 454 Hz, 3.7 ms/frame = 270 Hz) we found that the
highest signal-to-noise ratio for the slow membrane potential
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Fig. 3. Inter-circuit interactions. (A) Optical recording of the lateral gastric neuron LG along with extracellular recordings of the lateral gastric nerve (lgn; containing the axon
of  LG) and the main pyloric motor nerve lvn.  Pyloric-timed de- and hyperpolarizations were apparent in the optical signal as well as slower gastric mill timed depolarizations
during the LG burst. (B) Overlay of multiple sweeps (gray) and average (black) demonstrating the pyloric timing of the subthreshold changes in the optical signal. (C) LG
spike-triggered average of extracellular lgn recording and corresponding optical signal of LG. (D) Intracellular recording of LG (different preparation) along with extracellular
recordings of the pyloric dilator nerve (pdn), the gastro-pyloric nerve (gpn), the lgn and the lvn. Note the similarity of the intracellular recording to the optical recording shown
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in  (A). (E) Overlay of multiple sweeps (gray) and average (black) of the subthresho
ell  with those seen in the optical signal. (F) LG spike-triggered average of extracel
scillations was achieved with 2.2 ms  (Fig. 4A). Since the signal-to-
oise ratio is difﬁcult to compare across animals (it also depends
n the amplitude of the neuronal membrane potential oscillations,
he level of illumination (see below) and the size of the selected
rea), this analysis was performed in single animals. Five animals
ere tested, and all revealed similar results.
The detection of action potentials, however, was more difﬁcult
nd signal-to-noise ratios dropped to values below 2. Most often,
ction potentials could not be discerned in single sweep record-
ngs. Apparently, fast membrane potential changes, such as actionmbrane potential changes in LG. Their timing during the pyloric rhythm matched
gn recording and corresponding intracellular recording of LG.
potentials, were not well represented in the optical signal due to
under-sampling by the camera, which was  particularly true when
slow frame rates were used.
3.4.2. Objectives
One way to improve the signal-to-noise ratio is to use objec-tives with high numerical aperture. We  tested 3 objectives (10×,
NA = 0.3; 20×,  NA = 0.95; 40×,  NA = 0.8). With all objectives, we
were able to record the changes in the ﬂuorescence of the dye that
corresponded to the slow waveform membrane potential changes
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Fig. 4. Signal-to-noise ratio with different settings. (A) Comparison of signal-to-noise ratio (S/N) using different camera frame rates. *P < 0.05 (One Way  Anova with post
hoc  Holm Sidak test), n > 10 for all measurements. (B) Left: photo of STG neurons after staining with di-4-ANEPPS, taken with the 10× objective. Right: single-sweep optical
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tecordings of two  PD neurons (outlined in the photo) using the 10× objective, alon
sing  different excitation light intensities. *P < 0.05 (One Way  Anova with post hoc 
f the STG neurons (10×: Fig. 4B; 20×:  Fig. 1B; 40×:  Fig. 5A). With
he 10× objective, the ﬁeld of view was large enough to cover all
eurons in the STG. Fig. 4B shows the optical recordings of 2 PD
eurons along with a simultaneous intracellular recording of one of
he PDs. The working distance between objective and ganglion was
ufﬁciently large to permit the simultaneous intracellular recording
n this case. Yet, the signal-to-noise ratio was low in comparison to
he other objectives. There was an additional caveat: With respect
o phototoxicity we found that high intensity light aimed at the
TG neuropile, where all synaptic connections between the net-
ork neurons are made and the most of the neuronal membrane
s accumulated, could permanently damage the neuronal activity.
his was particularly true when the neuropile was exposed to high
ight levels for several imaging sessions. Toxic effects could entirely
e prevented by using lower light levels or by only exposing the
omata to exciting light. The latter, however, was difﬁcult to achieve
ith the 10× objective, since the ﬁeld of view covers approximately
he whole ganglion.
With the 20× objective, the number of neurons in the ﬁeld of
iew was reduced to a maximum of 10. The signal-to-noise ratio
as highest and light could be aimed at the somata only, thus pre-
enting phototoxic damage to the system. At frame rates of 666 Hz
1.5 ms/frame) the signal-to-noise ratio of the slow waveform oscil-
ations was sufﬁciently large and even action potentials could be
etected. This was also the reason why we used these settings for
ost of our experiments, although we lost the capability to simul-
aneously monitor all neurons in the STG. Yet, since the ﬁeld ofh intracellular recording of one of the PDs. (C) Comparison of signal-to-noise ratio
Sidak test), n > 15 for all measurements.
view can be quickly changed in between imaging sessions (this
takes only a few seconds), different neurons can be recorded suc-
cessively. We  were thus able to monitor the membrane potential
changes of all STG neurons even with the 20× objective, although
not simultaneously.
The ﬁeld of view of the 40× objective was  rather small and only
covered a few neurons, which prevented phototoxic effects to the
neuropile. The working distance allowed the simultaneous use of
intracellular recordings.
3.4.3. Light intensity
The signal-to-noise ratio also depended on light intensity. Fig. 4C
shows a comparison of three light intensities and the resulting
signal-to-noise ratio of the slow waveform oscillations. The ratio
was  highest with intermediate light levels, suggesting that the dye
possesses an optimum intensity range for excitation.
3.4.4. Mechanical and optical noise
One of the biggest challenges in optical imaging is to remove
noise from the recording. During the experiment, optical noise
was  kept at a minimum by turning off ambient room lights and
all light sources inside the Faraday cage. In addition, the Faraday
cage was covered with light-tight blackout cloth. Mechanical noise
was  reduced by using an anti-vibration air table and by keeping all
mechanical devices (for example, the shutter) outside of the rig.
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Fig. 5. Optical imaging in the lobster stomatogastric ganglion using di-4-ANEPPS.
(A) Simultaneous optical (top) and intracellular (bottom) recordings of a PY neuron
in  Homarus gammarus.  The beginning of the PY burst was  used to create the event-
triggered average. Two  pyloric cycles are shown, the second contains the trigger
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nd  1 before the correlation.
.4.5. Data analysis
During data analysis, the signal-to-noise ratio was  further
ncreased by averaging. In our hands the signal-to-noise ratio varied
etween 2.5:1 and 6:1 for single sweep recordings (20× objective)
nd increased up to 40:1 after time triggered averaging and was
hus sufﬁciently high to refrain from other, more complicated ways
o analyze the data.
We  also considered the use of principal component analysis
PCA; Haykin, 2008) and independent component analysis (ICA;
tone, 2004) to improve the signal-to-noise ratio. We  implemented
tandard algorithms for these data analysis methods (Stone, 2004;
aykin, 2008) in Matlab and Delphi. However, contrary to our
opes, the PCA and ICA analysis of the data did not gener-
te synthetic data series with statistically signiﬁcantly improved
ignal-to-noise ratios.
.5. Optical recordings in the European lobster
Finally, since different crustacean species (various lobster and
rab species) are used to study pattern generation, and differences
n anatomy and circuit connectivity exist between species, we here
how the application of VSD imaging after bath-application of di-4-
NEPPS in the European lobster, H. gammarus.  For this, we used the
0× objective again, because we wanted to directly show the corre-
ation between intracellular membrane potential and optical signal.
ig. 5A shows an average of 46 pyloric cycles, both for the intracellu-
ar membrane potential and the ﬂuorescence changes. In this case,ce Methods 203 (2012) 78– 88
the neuron was identiﬁed as a PY neuron due to its match between
action potentials on the intracellular and extracellular recordings
(not shown). We  found a signiﬁcant correlation between opti-
cal signal and intracellular membrane potential (Fig. 5B; P < 0.001,
R2 = 0.77), which demonstrates that the dye application was  suc-
cessful and that the ﬂuorescence of the dye consistently reported
the neuronal membrane potential. Thus, the protocol for voltage-
sensitive dye imaging described here may  be generic and feasible
in other crustacean species besides C. pagurus.
4. Discussion
In principle, in order to understand how individual neural activ-
ities interact to build spatio-temporal population patterns and
through this deliver their functionality, the activities of all indi-
vidual network neurons should be recorded and their functional
connectivities and neuronal interactions should be identiﬁed. There
are several model systems used in neuroscience that, in essence,
allow such investigations and have already contributed much to our
understanding of basic neuronal mechanisms. Central pattern gen-
erating circuits, for example, are studied because of their reliable
and repetitive activity, but also because of the universal applicabil-
ity of the mechanisms that drive them (Nusbaum and Beenhakker,
2002; Yuste et al., 2005; Marder and Bucher, 2007; Stein, 2009).
Yet, in most systems in which the topology of the network is
well known, the electrophysiological methods used to study these
preparations are insufﬁcient to simultaneously monitor the activ-
ity of all involved neurons. We  here present for the ﬁrst time the
neuron resolution optical recording of many identiﬁed pattern gen-
erating neurons with VSDs in the STG of two  crustacean species.
The STG circuits have been used extensively as models for cen-
tral pattern generation and neuronal processing in general (Stein,
2009).
We demonstrate the simultaneous optical recording of several
synaptically interacting neurons – their ﬁring activities and their
synaptic potentials – in their functional context, i.e. without artiﬁ-
cial stimulation. We  tested this technique in two  different species
of crustaceans (lobsters and crabs), since several crustacean species
are used for studying motor pattern generation (Stein, 2009). We
were not only able to derive the rhythmic activity of the network
from the optical signal in both species and we could also identify the
phase-relationship between the different network neurons (Fig. 1).
We further show that action potentials as well as excitatory and
inhibitory postsynaptic potentials can be monitored (Figs. 1–3).
In fact, the signal-to-noise ratio was  good enough to determine
inter-circuit interactions between the two pattern generating cir-
cuits (gastric mill and pyloric networks) in the STG. This was  even
possible without event-triggered time-averaging (Fig. 3). However,
the signal-to-noise ratio was  smaller than when single neurons
were injected with a different VSD (Stein et al., 2011), possibly
due to the higher background noise when all membranes in the
STG are stained (including those of glia cells that partly cover the
STG somata; Baro et al., 1996). Here, in order to clearly separate
the neurons according to their phase relationship in the rhythm,
simple event-triggered averaging over several cycles of the rhythm
was  sufﬁcient.
There are three major issues that currently prevent the com-
prehensive use of VSD for functional studies: (1) the perceived
difﬁculty of use (i.e. researchers may  assume that the use of VSD
imaging requires in-depth knowledge and experience of oper-
ationally difﬁcult techniques); (2) low signal-to-noise ratio and
bad reliability (i.e. the recorded signals may  be weak and noisy,
and the same procedure may  lead to widely different level of
dyeing and signal quality in subsequent preparations that may
appear highly similar from a general observational perspective); (3)
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ifﬁcult data analysis and interpretation of the resulting data (i.e.
he lack of connectivity information, the lack of experimental
anipulation options for the preparation due to technical con-
traints and the low signal-to-noise ration often imply that the
maging data needs complex processing to yield meaningful results
nd these may  be limited in their scope). Most importantly in this
tudy, we demonstrate the ease of use of this technique, the reli-
bility of the recorded data and a straightforward way to analyze
he data. Given these prerequisites will allow researchers to use
hese techniques in the laboratory without hiring a separate expert.
e  are using simple bath application of a VSD, a technique that is
outinely used for drugs and modulators in this system (Marder
nd Thirumalai, 2002). For data analysis, individual neurons can
e easily separated by the location of their somata in the STG. The
dvantage of recording neurons for which we know how they are
onnected is that we can have clear expectations about what we
hould see in optical imaging recordings in the context of the base-
ine settings (i.e. spontaneous activity in this case) of the system.
aturally, this allows checking that the system level recordings (i.e.
he simultaneous recording of neurons) are correct (i.e. that there is
o imaging or preparation induced artefact). Having an easy way  to
heck the correctness of the optical recordings makes it also easier
o analyse any change in the joint activity of the recorded neurons
ue to changes in the recording conditions (e.g. effect of neuro-
odulators or sensory activity on neurons). For example, when
odulatory projection neurons become active, such as MCN1 (Stein
t al., 2007), neurons of the gastric mill central pattern generator
ecome active and show long bursts of activity, but their activity
s timed by the pyloric rhythm (Marder et al., 1998; Bartos et al.,
999). The signal-to-noise ratio of our optical recordings was good
nough to monitor these inter-circuit interactions and, in addition,
o also record the subthreshold actions of MCN1 and Interneuron 1
n the LG neuron.
Although the signal-to-noise ratio was sufﬁciently high to detect
hese slow membrane potential changes, action potential detection
as more difﬁcult. Most often, the optical recording approximated
 low-pass ﬁltered version of the intracellular recorded membrane
otential. Apparently, fast membrane potential changes, such as
ction potentials, were not well represented in the optical signal.
his cannot be due to a slow response of the dye, since di-4-ANEPPS
as been shown to report membrane potential changes in the
icrosecond range (Loew, 2010). Here, the speed of the camera
as the limiting factor. The MiCAM02 sampled at 660 Hz (1.5 ms
or each frame), leading to temporal and spatial broadening of the
ptical signal, as well as to amplitude modulations, since action
otential duration is usually in the millisecond range and the action
otential may  leave the ﬁeld of view during a single frame when
onducted quickly.
Molecular approaches have gained much attention in recent
ears (e.g. Dickinson et al., 2009; Ma  et al., 2009) and revealed
any details of neuromodulator actions in STG neurons. The use
f VSD imaging in combination with such molecular approaches
as the potential to discover the role of molecular details of neu-
ons in the context of STG neural dynamics. In particular, the STG
s a model system for the actions of neuromodulators (Nusbaum
nd Beenhakker, 2002), which often have long-term effects on
heir target circuits. The long-term measurement of subthresh-
ld membrane potential changes, however, is difﬁcult to achieve
ith intracellular recordings since the typical drift of manipula-
ors used is in the range of 1 m/h. This leads to a maximum
uration of the intracellular recording of a few hours and possibly
o neuronal damage. Alternatively, the neuron has to be impaled
epetitively, a process again potentially harmful to the neuron. The
echnique described here allows the simultaneous and long-term
ecording of many STG neurons (in principle of all), thus remov-
ng the worry of losing the recording or damaging the neurons. Itce Methods 203 (2012) 78– 88 87
will facilitate recent efforts to monitor the long-term recovery of
neuronal activity after loss of neuromodulatory input (Luther et al.,
2003; Khorkova and Golowasch, 2007), but also the simultaneous
monitoring of the subthreshold effects of neuromodulators on STG
neurons that occur in several copies (such as the PY neurons) and
are notoriously difﬁcult to localize using sharp microelectrodes.
The method described here also provides the foundation for optical
recordings from descending modulatory projection neurons that
innervate the STG.
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